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Abstract. This study demonstrates the presence of a rel- 
atively extensive but previously unrecognized nervous sys- 
tem in embryonic stages of the opisthobranch mollusc Apl/y- 
sia californica. During the trochophore stage, two pairs of 
cells were observed to be reactive to antibodies raised 
against the neuropeptides FMRFamide and EFLRlamide. 
These cells were located in the posterior region of the 
embryo, and their anterior projections terminated under the 
apical tuft. As the embryos developed into veliger stages, 
serotonin-like immunoreactive (LIR) cells appeared in the 
apical organ and were later observed to innervate the velum. 
Also, aldehyde-induced fluorescence indicative of cat- 
echolamines was present in cells in the foot, oral, and 
possibly apical regions during late embryonic veliger 
stages. Just before the embryo hatches as a free-swimming 
veliger, additional FMRFamide-LIR and catecholamine- 
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Abbreviations: ACP, 35 amino acid acidic peptide; CC- 1. catecholamin- 
ergic central cell one; CC-2, catecholaminergic central cell two; CC-3, 
catecholaminergic central cell three; CNS, central nervous syslem; 
EFLRlamide, Glu-Phe-Leu-Arg-fle-NH,; EDTA,  ethylenediaminetet- 
raacelic acid; FC-1, FMRFamide central cell one; FC-2, FMRFamide 
central cell two: FC-3, FMRFamide central cell three; FITC, fluorescein 
isothiocyanate; F-/], left FMRFamide-LtR posterior cell one; F-/2, left 
FMRFamide-LIR posterior cell two; F-r1, right FARFamide-LtR posterior 
cell one; F-r2, right FMRFamide-LIR posterior cell two; FMRFamide, 
Phe-Mel-Arg-Phe-NH,; LIR, like-immunoreactive; PBS, phosphate-buff- 
ered saline: SEEPLY, 22 amino acid peptide SEQPDVDDYLRDVVLOQ- 
SEEPLY; S-/1, left serotonin-LIR bilateral cell one: S-/2, left serotonin- 
LIR bilateral cell two, S-rl. right serotonin-LIR bilateral cell one; S-r2, 
right serotonin-LIR bilateral cell two; SUM, serotonin-LIR unpaired me- 
dian cell. 
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containing cells appeared in regions that correspond to the 
ganglia of what will become the adult central nervous 
system (CNS). Neurons and connectives that will contribute 
to the adult CNS appear to develop along the pathways that 
are pioneered by the earliest posterior FMRFamide-LIR 
cells. These observations are consistent with the hypothesis 
that, besides their presumed roles in the control of embry- 
onic behaviors, some elements may also guide the develop- 
ment of the CNS. Embryonic nervous systems that develop 
prior to and outside of the adult CNS have also been 
reported in pulmonate and prosobranch species of molluscs. 
Therefore, the demonstration of early developing neurons 
and their transmitter phenotypes in A. californica presents 
new opportunities for a better understanding of the ontog- 
eny and phylogeny of both behavioral and neuronal function 
in this important model species. 


Introduction 


The opisthobranch gastropod Aplysia californica, which 
has been studied extensively as a model for understanding 
the neuronal underpinnings of behavior (for review see 
Kandel [1979]). has also become an important model in the 
study of molluscan neurodevelopment. The development of 
the ganglia that constitute the central nervous system (CNS) 
has been studied in detail (Kriegstein, 1977; Schacher et al., 
1979; Kandel et al, 1981; Jacob, 1984), but more recent 
studies also report the presence of nerve cells that exist 
outside the boundaries of the developing ganglia that will 
constitute the adult CNS. For example. in an early embry- 
onic veliger stage, three serotonin-like immunoreactive 
(LIR) cells exist in the anterior apical organ: an unpaired 
median cell and a bilateral pair of cells (Croll and Voron- 
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ezhskaya, 1995; Croll and Voronezhskaya, 1996b; Marois 
and Carew, 1997a, b, c). Soon afterwards, these three cells 
are joined by another more lateral pair of apical serotonin- 
LIR cells. By the end of the embryonic period, as the veliger 
is about to hatch as a free-swimming larva, serotonin-LIR 
projections extend into the velar lobes, foot, and abdominal 
and visceral regions (Marois and Carew, 1997a, b, c). 
Kempf et al. (1997) showed that such apical cells and 
processes appear to be general features of opisthobranch 
larvae. Similarly shaped and positioned apical cells have 
also been reported in larvae of other molluscan species 
(Bonar, 1978; Kulakovskiy and Flyachinskaya, 1994; Rai- 
neri and Ospovat, 1994; Raineri, 1995; Leise, 1996; Lin and 
Leise, 1996a, b; Dickinson et al., 1999; Voronezhskaya et 
al.. 1999; Parries. 2000). 

In addition to the cells of an apical organ, other neuronal 
elements have been observed outside the boundaries of the 
developing adult CNS. Croll and Voronezhskaya (1996b) 
reported preliminary observations of elements containing 
peptides related to Phe-Met-Arg-Phe-NH, (FMRFamide) in 
posterior regions of embryonic A. californica. Recent stud- 
ies also indicate the presence of similar neuronal elements 
in other molluscan species. For example, Croll and Voron- 
ezhskaya (1995; 1996a) identified neuronal elements in 
what corresponds to the trochophore or early veliger stage 
(Mescheryakov, 1990) of the pulmonate Lymnaea stagnalis, 
using antibodies raised against FMRFamide. These FMRF- 
amide-LIR cells develop in posterior regions of the embryo 
and send anterior projections that terminate in the regions of 
the future cerebral and pedal ganglia. A posterior FMRF- 
amide-LIR cell has also been observed in the early devel- 
opmental stages of the prosobranch Crepidula fornicata 
(Dickinson et al., 1999). As in L. stagnalis, this posterior 
FMRFamide-LIR cell also sends anterior projections that 
terminate in the region of the future cerebral and pedal 
ganglia. Therefore, cells expressing FMRFamide-like im- 
munoreactivity appear to develop in a posterior-to-anterior 
sequence rather than the anterior-to-posterior development 
of the ganglia. In addition, these FMRFamide-LIR cells and 
their fibers seem to mark the pathways along which the 
adult ganglia and connectives develop, and therefore they 
may be involved in guiding the developing CNS. 

Additional peripherally located neurons in the foot and 
surrounding the mouth were revealed in the gastropods L. 
stagnalis (Voronezhskaya et al., 1999), C. fornicata (Dick- 
inson ef al., 1999), and Phestilla sibogae (Pires et al., 2000) 
and the bivalve Mytilus edulis (Croll et al., 1997), using 
techniques to localize catecholamines. 

The above descriptions of neurodevelopment in represen- 
tative species suggest the presence of a primary larval 
nervous system that appears earlier than and outside of the 
developing adult CNS. Morphological descriptions in other 
species also indicate that components of such primary larval 
nervous systems may either be incorporated into the adult 


ganglia or disappear. The present study investigated the 
early development of neurons that may compose a primary 
larval nervous system in A. californica, starting at the tro- 
chophore stage and continuing until the embryo hatches as 
a free-swimming veliger. We used immunocytochemical 
techniques to study the first cells expressing FMRFamide 
and related peptides, and we provide details of the morphol- 
ogy of these cells and the timing of their appearance, with 
comparisons to the earliest cells exhibiting serotonin-like 
immunoreactivity. We additionally used aldehyde-induced 
fluorescence, which has been previously applied to mollus- 
can tissues (Croll et al., 1997, 1999; Smith et al.. 1998), to 
examine cells containing catecholamines. This study shows 
that, as in these other molluscs, A. californica also has a 
nervous system first present in early embryonic stages. 
Furthermore, these observations suggest several new hy- 
potheses regarding the mechanism shaping the ontogeny of 
the nervous system in this well-studied spectes. 


Materials and Methods 
Animals 


Adult specimens of Aplysia californica were purchased 
from the Aplysia Resource Facility of the University of 
Miami and maintained in a salt-water aquarium. Egg masses 
were collected soon alter oviposition and kept in separate 
containers of artificial salt water (Crystal Sea, Baltimore. 
MD) at 20°—22°C. Under these conditions, embryos re- 
quired about 9-10 days to develop from first cleavage to 
hatching. The hatched veliger required another few weeks 
before becoming competent to metamorphose into Juvenile 
sea slugs (Kandel, 1979; Kandel et al., 1981; Marois and 
Croll, 1992; Marois and Carew, 1997b). 

The developmental stages of A. californica were de- 
scribed previously (Kriegstein, 1977; Kandel, 1979. Kandel 
et al., 198]; Marois and Croll, 1992; Marois and Carew, 
1997b). In the present study, morphological and behavioral 
features were examined on each day from first cleavage to 
hatching, and the embryonic development was divided into 
three stages. During the trochophore stage (days 2.5-4) the 
embryo had a distinct apical tuft and a shell gland and began 
to move using the prototrochal cilia. On day 4 the body 
began to change shape as the rudiments of a velum, foot, 
and shell were observed. During the early embryonic veliger 
stage (days 5-7) the velum became bilobate and possessed 
long cilia along its edge. During the late embryonic veliger 
stage (days 8-10) the velum, foot, and shell enlarged and 
differentiated. 


lmmunocytochemistry 


Immunohistological procedures were performed accord- 
ing to Marois and Croll (1992) and Marois and Carew 
(1997b). Egg ribbons were fixed in 4% paraformaldehyde in 
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phosphate-buffered saline (PBS; 50 mM Na HPO, > 7H,O 
and 140 mM NaCl in distilled water adjusted to pH 7.2) for 
]—4 h at room temperature. Then embryos were removed 
from the capsules, washed in PBS, and stored in 70% 
ethanol at —18°C until further processing. For immunohis- 
tochemical processing, the stored embryos were first given 
two to three 5-min washes in PBS. The shells of older 
embryos (>day 4) were then decalcified with 10% ethyl- 
enediaminetetraacetic acid (EDTA) (Sigma Chemical Co., 
Mississauga, ON) in PBS for 30-45 min. Embryos were 
next washed for 2-3 h in 4% Triton X-100 in PBS. The 
embryos were then incubated in antibodies raised against 
FMRFamide, serotonin (both obtained from Diasorn, Still- 
water, M1), or antibodies (gifts from Dr. P. R. Benjamin, 
University of Sussex) against three FMRFamide gene en- 
coding peptides: the pentapeptide Glu-Phe-Leu-Arg-lle- 
NH, (EFLRlamide), the 22-amino-acid peptide SEQPDVD- 
DYLRDVVLQSEEPLY (SEEPLY). and a 35-amino-acid 
acidic peptide, SDPFFRFGKQQVATDDSGELDDEILSR- 
VSDDDKNI (ACP) (Santama et al., 1996). All these anti- 
bodies except anti-SEEPLY were diluted }:500—1:1000 in 
PBS with the addition of 1.0% normal goat serum and 1.0% 
Triton X-100. The SEEPLY antibody was diluted 1:200 in 
a solution of 50 mM Tris base, 150 mM NaCl, pH 7.6, 
containing 0.25% w/v gelatin and 1% v/v Trition X-100 
(Santama et al., 1993). Incubation periods lasting 48 h at 
4°C or 12 h at room temperature gave comparable results. 
The embryos were next rinsed three times (5 min each) with 
PBS and given a final wash for 1 h before incubating for 
24—48 h in goat anti-rabbit antibodies conjugated to fluo- 
rescein isothiocyanate (FITC) or rhodamine (Bio/Can Sci- 
entific, Mississauga, Ontario) and diluted 1:50 in PBS with 
the addition of 1.0% Triton X-100. 

To localize FMRFamide-hke immunoreactivity relative 
to external morphological structures at the trochophore 
stage, some embryos were double-labeled with monoclonal 
antibodies against *-tubulin (DMIA clone trom Sigma 
Chemical Co., Mississauga. ON) (Jackson et al.. 1995). 
These embryos were first labeled, as described above, for 
FMRFamide-like immunoreactivity, then rinsed three times 
(5 min each) in PBS. Next, the embryos were incubated in 
anti-<tubulin (diluted 1:500 in PBS) for 12 h at room 
temperature. The embryos were washed again three times in 
PBS before incubating in sheep anti-mouse serum conju- 
gated to FITC or rhodamine tor 12 h at room temperature. 
These secondary antibodies were diluted 1:50 in PBS and 
1% Triton X-] 00. 

Embryos processed for timmunocytochemistry were 
mounted on glass shdes in a 3:1 mixture of glycerol to PBS 
for viewing on a Leitz Aristoplan microscope equipped for 
epifluorescence. FITC fluorescence was viewed using a 
450—490-nm excitation filter and a 525/20-nm barrier filter; 
rhodamine fluorescence was viewed using a 530-560-nm 
excitation filter and 580-nm long-pass barrier filter. Em- 


bryos processed for FMRFamide- and “-tubulin-like immu- 
noreactivity were also viewed on a Zeiss Axiovert micro- 
scope equipped for confocal laser scanning (model LSM 
410). 

As negative controls, embryos were processed without 
incubation in primary antibody; such specimens exhibited 
no detectable fluorescence. Positive controls involved par- 
allel processing of embryonic L. stagnalis that exhibited 
typical staining, as described elsewhere for serotonin and 
FMRFamide (Marois and Croll, 1992; Croll and Voron- 
ezhskaya, 1995: Croll and Voronezhskaya, 1996a). 


Catecholamine histofluorescence 


The formaldehyde glutaraldehyde technique of Furness ef 
al. (1977) was used to localize catecholamines. Embryos 
were incubated for at least 12 h in a solution consisting of 
4% paraformaldehyde, 0.5% glutaraldehyde, and 35% su- 
crose in PBS. Similar results were also obtained when the 
embryos were stored in this solution for several weeks. The 
fixed embryos were decalcihed in 10% EDTA in PBS for 45 
min. Embryos were then placed on glass slides, air dried for 
several hours, and then mounted in a 3:] mixture of glycerol 
and PBS. These embryos were viewed and photographed 
through the Leitz compound microscope equipped with a 
355—425-nm excitation filter and 460-nm long-pass barrier 
filter. Positive controls involved parallel processing of em- 
bryonic L. stagnalis that exhibited typical blue-green fluo- 
rescent staining. as described elsewhere for catecholamines 
(Voronezhskaya et al., 1999). Negative controls were per- 
formed by omitting the glutaraldehyde from the formalde- 
hyde glutaraldehyde solution, thus eliminating the charac- 
teristic fluorescent staining. 


Photography 


Most histological preparations were photographed on the 
Leitz compound microscope using Kodak TMAX 100 film: 
the negatives were digitally scanned. Photographs from the 
Zeiss confocal microscope were produced by superposition- 
ing stacks of 10-15 images obtained through stepped se- 
quences of focal planes at intervals of 1-2 um. All the 
images were then assembled into plates and labeled using 
Photoshop 5.0 (Adobe Systems, lnc.. San Jose, CA). Con- 
trast and brightness of the images were adjusted to provide 
consistency within plates. 


Results 
Trochophore stage (days 2.5—4) 


Halfway through day 2, two bilaterally symmetrical pairs 
of FMRFamide-LIR posterior cells were observed (Figs. 
1A, 2A). Fibers projected ipsilaterally and anteriorly from 
each cell on the right (F-r} and F-r2) and the left (F-/1 and 
F-/2) (Fig. 1A). By day 3 these Abers terminated in a plexus 
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Figure 1. Schematic representations of FMRFamide-LIR cells and fibers in embryos of Aplysia californica. 
Top row: views from the righi side and slightly superior to give a three-dimensional perspective, boltom row: 
dorsal views. Anterior is to the right in each figure. (A) Two pairs of posteriorly located FMRFamide-LiR cells 
with anterior projections observed on day 2.5. (B) FMRFamide-LIR cells and their processes observed on day 
4. The FMRFamide-LIR processes reached the anterior region, where they formed a plexus under the apical tufi. 
(C) FMRFamide-LIR cells were no longer symmetrical by day 5; the cells (/] and /2) on the left appeared in a 
ventral position, and the cells on the right (ri and +2) appeared more dorsally. (D) On day 9 additional 
FMRFamide-LIR cells (FC-1, FC-2, FC-3) appeared in the anterior region. 


of FMRFamide-LIR processes tn the region beneath the 
apical tuft (see day 4, Figs. 1B, 2B, D) Also by day 3, one 
to two additional FMRFamide-LIR fibers extended across 
Ihe midline of the body just anterior to the somata of the 
FMRFamide-LIR posterior cells (See day 4, Figs. 1B, 2D). 
Initially the pairs of FMRFamide-LIR cells were positioned 
symmetrically within the embryo, but they gradually be- 
came displaced and by the end of day 4 had all moved to the 
night side of the body (Fig. 1C). The FMRFamide-LIR cells 
and processes were also identified using antibodies against 
EFLRlamide (Fig. 2C). No immunoreactivity was detected 
during the trochophore stage or any later stages with anti- 
bodies against SEEPLY and ACP. 


Early embryonic veliger stage (days 5-7) 


By day 5 the FMRFamide-LIR cells had assumed more 
anterior positions in the embryo. F-7] and F-r2 moved apari 
from each other, with F-rl oceupying a more dorsal loca- 
tion. F-/] and F-/2 remained close to each other and logelher 
assumed a central and ventral position (Figs. 1C., 3A). Their 
anteriorly projecting fibers crossed the midline and formed 
a commissure in the anterior region. All cells and processes 


listed above were also identified using antibodies against 
EFLRIamide (Fig. 3B). 

Also by day 5, a serotonin-LIR unpaired median cell 
(SUM: see Marois and Carew [1997b]) appeared beneath 
the apical tuft. Soon afterwards, a pair of vase-shaped 
serotonin-LIR cells (S-r] and S-/1) were observed to the left 
and right of SUM. Short serotonin-LIR fibers projected 
ventrally from the SUM, S-r], and S-/] to form a plexus in 
the same region as the FMRFamide-LIR commissure (see 
day 9, Figs. 4A, 5A, B, also see Marois and Carew [1997b]). 

By day 7 the three serotonin-LIR cells (SUM, S-rl, and 
S-/]) were joined by a new pair of serolonin-LIR cells (S-r2 
and S-/2) located slightly posteroventrally to S-rl and S-/] 
on eilher side of the plexus (see day 9, Figs. 4A, 5A, B). 


Late embryonic veliger on prehatching stage (days S-10) 


By day 8 the posterior FMRFamide-LIR cells and their 
fibers appeared just anterior to the midpoint along the an- 
leroposterior axis. F-/} and F-/2 together assumed a ventral 
and central position, while F-rl and F-r2 each assumed 
more dorsal positions than previously (see day 9, Figs. 1D, 
3C). FMRFamide-LIR fibers extended ventrally from the 
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Figure 2. Aplysia californica during trochophore stages. Anterior is to the right in each figure. (A) Dorsal 
view of an embryo on day 2.5 showing the two pairs of posteriorly located FMRFamide-LIR cells with anterior 
projections. Scale bar = 20 ym. (B) Right lateral view of an embryo showing immunoreactivity for %-tubulin 
on day 3. Displays the locations of the apical tuft, prototroch, telotroch, and anal cell in the trochophore. Scale 
bar = 25 um. (C) EFLRlamide-like immunoreactivity observed on day 3, showing F-rl, F-/1 and -/2 (which are 
not in focus), and the plexus under the apical tuft (arrow). Scale bar = 25 ym. (D) FMRFamide-like 
immunoreactivity observed in the same embryo as 2B showing F-rl, -r2, -/1 and -/2, and plexus under the apical 
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tuft. Scale bar = 25 pm. C and D demonstrate the similar pattern of immunoreactivity for EFLRIamide and 


FMREFamide. 


apical commissure toward the foot. Also by day 8, formal- 
dehyde glularaldehyde-induced fluorescence, indicative of 
catecholamine-containing cells, was observed in the foot 
region. The catecholamine-containing foot cells were vase- 
shaped and appeared in two bilaterally symmeiric groups of 
two to three cells on each side (see day 9, Figs. 4B, 6A, B). 

By day 9 additional FMRFamide-LIR cells were ob- 
served in positions consistent with the locations previously 
identified as the developing cerebral, pedal, and pleural 
ganglia of the future adult CNS in A. californica (Knieg- 


stein, 1977: Marois and Carew. 1990; Marois and Carew, 
1997b) and other opisthobranchs (Kempf et al., 1997a). One 
of these FMRFamide central cells (FC-1) appeared near 
F-rl, another (FC-2) was located near F-r2, and a third 
(FC-3) was observed to the left of the apical commissure 
(Figs. 1D, 3C). Also by day 9, the number of catechol- 
amine-containing cells increased to four to hve cells on each 
side of the foot (Figs. 4B, 6A, 6B). Another pair of cate- 
cholamine-containing cells was located in the oral region. 
Catecholamine-containing fibers also extended from each 
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Figure 3. 
sentative embryonic veliger stages of Aplysia californica. Anterior is to the 
night in each figure. Arrows indicate the FM RFamide-LIR plexus. (A) FMRF- 
amide-like immunoreactivity observed on day 5, showing the asymmetry of 


FNIRFamide- and EFLRJamide-LIR cells and fibers in repre- 


F-/1, F-/2, F-rl, and F-rl. Scale bar = 15 um. (B) Montage of two photo- 
graphs showing the EFI-RJamide-LIR cells and tibers on day 7. Scale bar = 
28 um. (C) PMRFamide-hke immunoreaclivily on day 9. Two additional 
cells, FC-1 and FC-3, are shown in this focus. Seale bar = 28 um. 
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Figure 4. Schematic representations of serotonin-LIR and catechol- 
amine-containing neurons in Aplysia californica during day 9. Top row: 
views from the right side and slightly superior to give a three-dimensional 
perspective. Anterior is to the right in each figure. (A) Serotonin-LIR cells 
(S-/1, S-/2, S-rl, S-r2, SUM) and fibers in the apical organ. Bottom row: 
dorsal view. (B) Celts and fibers containing catecholamines were located in 
the foot (arrow heads), oral region (arrow), and the region of the future 
CNS (CC-1, CC-2, CC-3). Bottom row: ventral view. 


group of foot cells toward the region below the apical tuft 
Where the FMRFamide-LIR apical commissure and seroto- 
nin-LIR plexus were located. In this region, three cate- 
cholamine-containing central cells were observed (Fig. 6B); 
two of these cells (CC-1, CC-2) were located on the right 
and another cell (CC-3) on the left. Unfortunately, the 
formaldehyde glutaraldehyde technique resulted in high 
background fluorescence, making it difficult to determine 
whether these cells were located in the apical organ or the 
developing cerebral or pedal ganglia of the future adnlt 
CNS. Also by this time, serotonin-LIR fibers could be seen 
projecting toward the velum. foot, and posterior region 
(Figs. 4A, SA). 


Discussion 


The current study offers evidence that a relatively exten- 
sive nervous system forms during embryonic development 
of the opisthobranch gastropod Aplysia californica. The 
early nervous system includes posterior FMRFamide-LIR 
cells that first! appear during the trochophore stage. By the 
veliger stage, serotonin-LIR cells appear in the apical organ 
(Marois and Carew, 1997a, b, c), and shortly before hatch- 
ing catecholamine-containing cells appear around the mouth 
and in the fool. The first neurons within the developing 
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Figure 5. Serotonin-LIR cells and fibers ta Aplysia californica during 
days 8—9. Anterior is to the right in each figure. (A) Right lateral view of 
an embryo on day 9 showing serotonin-LIR cells in the apical organ (S-/), 
S-22, S-r], SUM) and fibers projecting into the foot (arrowhead) and velum 
(arrow). Scale bar = 30 um. (B) Dorsal view of an embryo on day 8 
showing three of the serotonin-LIR cells (S-/1, S-rl, SUM) of the apical 
organ. The apical commissure is indicated by the arrowhead. Scale bar = 
28 um. 


ganglia. which will eventually constitute the adult CNS, 
only begin to appear during late embryonic stages (Schacher 
eft al., 1979). Such an arrangement of neuronal cells and 
fibers is similar to that found in representative pulmonate 
and prosobranch gasiropod species (Croll and Voronezh- 
skaya, 1996a:; Dickinson ef al., 1999), 


Posterior FM RFamide-LiR cells 


Two pairs of FMRFamide-LIR cells appear in posterior 
regions and project anteriorly directed fibers in early tro- 
chophore stages of A. californica. FMRFamide-like immu- 
noreachivity has also been observed posteriorly in early 
embryos of the other gastropod molluscs; however, differ- 
ences Were observed in the number and precise positions of 
these cells. Lymnaea stagnalis (Croll and Voronezhskaya. 
1995, 1996a) and Crepidula fornicata (Dickinson et al., 
1999) each possess a single medial FMRFamide-LIR cell in 


posterior regions near the shell gland. No such cell was 
observed during embryonic development in A. californica. 
Nevertheless, it could have been missed if it was present 
only for a very brief period of development and if it did not 
exhibit reactivity to the anti-FMRFamide antibodies used in 
this study. During early veliger stages of L. stagnalis, ad- 
ditional FMRFamide-LIR posterior cells exist on the left 
and right fibers projecting from the most posterior medial 
cell (Croll and Voronezhskaya, 1995, 1996a). The location 
of these left and right cells in L. stagnalis may correspond 
to the left and right pairs of FMRFamide-LIR posterior cells 
in A. californica. FMRFamide-LIR cells in such lateral 
regions were not detected in C. fornicata (Dickinson et al., 
19997 

Despite variations in the number and position of posterior 
FMRFamide-LIR cells in the different species. they all 
share certain features. In all three species, the posterior 





Catecholamine-containing cells and fibers in Aplysia cali- 


Figure 6. 
fornica during day 9. Anterior is to the right in each hgure. (A) Right 


lateral view of an embryo showing catecholamine-containing cells in the 
foot (arrowheads), oral region (arrows), and apical region or region corre- 
sponding to the future ganglia of the adult CNS (CC-3). Scale bar = 28 
pun. (B) Ventral view montage showing cells containing catecholamines. 
Cells are shown in the toot (arrowheads), oral region (arrows), and apical 
region or region corresponding to the future ganglia of the aduli CNS 
(CC-1, CC-25@@-4), Scale bar = 28 um: 
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FMRFamide-LIR cells appear before any other nerve cells 
are detected. Also, the posterior FMRFamide-LIR cells all 
extend anteriorly directed axons that pass through the region 
in which the cerebral ganglia will later develop, and they 
eventually terminate in a region of the future pedal ganglia. 
FMRFamide-LIR fibers also appear under the apical tuft 
during trochophore stages of both A. californica and C. 
fornicata. This region later develops into the apical sensory 
organ, the underlying cerebral commissure, or both (Marois 
and Carew, 1997a, c). The plexus of immunoreactive fibers 
is extensive in this region, even at very early developmental 
stages. Although no other immunoreactive somata were 
detected at these stages, we cannot exclude the possibility 
that at least some fibers may derive from sources other than 
the posterior cells. In fact, FMRFamide-LIR fibers also 
branched repeatedly under the apical plate in early embry- 
onic stages of L. stagnalis, but these fibers originate from 
nearby somata that exhibit little or no immunoreactivity 
(Croll and Voronezhskaya, 1996a). 

Similarity also exists in the patterns of expression of the 
FMRFamide-related peptides in two species of molluscs. In 
both L. stagnalis and A. californica, the cells and fibers 
expressing FMRFamide- and EFLRlamide-like immunore- 
activity are similar (Voronezhskaya and Elekes, 1997). The 
FMRFamide antiserum is immunoreactive to several 
FMRFamide-related peptides (Gaus ef al., 1993), whereas 
the EFLRIamide antiserum is immunoreactive only to 
EFLRlamide and FMRFamide ttself (Santama ef al., 1995a, 
b. 1996). Our results thus indicate that immunoreactivity in 
early stages of A. californica is due to the presence of 
FMRFamide and EFLRlamide and not to the exclusive 
presence of other FMRFamide-related peptides. Antibodies 
against SEEPLY and the acidic peptide (ACP) that are 
processed from the FMRFamide precursor protein of L. 
stagnalis are not immunoreactive in embryonic A. califor- 
nica. The sequence of SEEPLY is identical in L stagnalis 
and A. californica (Greenberg and Price, 1992), but consis- 
tent with our findings in A. californica, Voronezhskaya and 
Elekes (1997) reported no detectable occurrence of this 
peptide in FMRFamide-LIR cells during embryonic stages 
of L. stagnalis. Conversely, ACP has not been isolated in A. 
californica. Therefore, the lack of positive immunoreaction 
for this latter peptide may be attributed to species-specificity 
of the amino acid sequence. 

The aim of the present study was to examine the ontog- 
eny of the nervous system during embryonic development, 
thus representing times much earher than typically exam- 
ined in A. californica. Since we did not examine later stages, 
the fates of the FMRFamide-LIR cells are unclear. It seems 
possible, however, that at least some of these FMRFamide- 
LIR cells and fibers later become incorporated in the ganglia 
and connectives of the CNS. The regions where the ganglia 
of the adult CNS are located have been previously identified 
in later veliger stages of A. californica (Kriegstein, 1977; 


Marois and Carew. 1990, 1997b). In the present study, 
FMRFamide-LIR cells can be observed in positions that 
correspond to these regions. For example, F-/] and F-/2 
seem to lie in positions that correlate to the future site of the 
left abdominal ganglia. F-r2 appears in the region where the 
osphradium will develop. whereas FC-2 seems to lie in a 
position that corresponds to the location of the right abdom- 
inal ganglia. F-r!, FC-1, and FC-3 appear in regions where 
the pleural or pedal ganglia will develop. Confirmation of 
the locations of these FMRFamide-LIR cells within the 
CNS must, however, await additional histological examina- 
tion to identify the boundaries of the developing central 
ganglia. Although our work may have tentatively identified 
individual central neurons at earher stages than previously 
demonstrated, the findings are still consistent with other 
descriptions of ganghogenesis. The presence of cerebral and 
pedal cells has been previously reported in hatchlings of A. 
californica (Kriegstein, 1977; Marois and Carew, 1997b) 
and other gastropods (D*Asaro, 1969; Page, 1992a, b; Lin 
and Leise, 1996b: Dickinson et al., 1999). Anlagen of the 
visceral loop ganglia have also been identified in hatching 
stages of A. californica (Schacher et al., 1979). 

It is also possible that at least some posterior FMRF- 
amide-LIR cells lie outside the developing ganglia and 
transiently express their transmitter phenotype during a 
short phase of embryogenesis. Such a fate for the early 
posterior FMRFamide-LIR cells has been shown in the 
developing embryos of L. stagnalis (Croll and Voronezh- 
skaya, 1995: Voronezhskaya and Elekes, 1996). 

Whatever the exact locations and fates of the various 
somata, FMRFamide-LIR fibers clearly mark pathways that 
span the length and breadth of the embryos in A. californica, 
and they may play a role in pioneering the various commis- 
sures und connectives of the adult nervous system. Such a 
role for early FMRFamide-LIR cells and fibers has been 
suggested in other molluscs such as L. stagnalis (Croll and 
Voronezhskaya, 1995, 1996a) and C. fornicata (Dickinson 
et al., 1999) and is consistent with hypothesized roles of 
early developing fibers in other invertebrate groups such as 
insects (Bate, 1976; Caudy and Bentley, 1986; Goodman 
and Shatz, 1993) and annelids (Lacalli, 198], 1982). The 
necessity of such pioneering fibers for the normal develop- 
ment of the CNS in gastropods must be tested in future 
experiments. 


Serotonergic apical cells 


The serotonin-LIR cells in the apical organ of A. califor- 
nica have been previously described in detail (Croll and 
Voronezhskaya, 1995; Marois and Carew, 1997a, b, c). A 
similar arrangement of serotonin-LIR cells was also re- 
ported in other opisthobranchs (Kempf et al., 19974), proso- 
branchs (Dickinson et al., 1999), and bivalves (Croll et al., 
1997). 
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The apical organ in molluscs and other invertebrate lar- 
vae may control larval behaviors such as swimming, feed- 
ing, and crawling (Leise. 1996: Lin and Leise, 1996a, b). 
Morphological evidence supports such hypothesized func- 
tions since serotonin-LIR cells of the apical organ innervate 
the velum in A. californica (Marois and Carew, 19976, c) 
and other molluscs (Kulakovskry and Flyachinskaya, 1994; 
nile a 1997) Kempi sae, 1997. Dickinson el al. 
1999). Such velar innervation probably controls locomotion 
and feeding currents generated by cilia, which are respon- 
sive to serotonin in both adult forms (Audesirk et al., 1979; 
Murakami, 1987: Syed and Winlow, 1989) and larval stages 
(Koshtoyants eż al., 1961; Beiras and Widdows, 1995). The 
apical organ is also thought to control the transduction of 
the metamorphic signal (Hirata and Hadfield, 1986; Couper 
and Leise, 1996; Hadfield et al, 2000) and possibly to 
influence subsequent development of the adult CNS 
(Lacalli, 1981, 1994: Marois and Carew, 1997c). 

Although non-serotonergic apical cells were not identi- 
fied in the present study, other neurons in the apical organ 
of A. californica were previously identified using electron 
microscopy (Marois and Carew, 1997b). Flask-shaped, 
FMRFamide-LIR cells have also been observed in the api- 
cal region of the pulmonate L. stagnalis (Croll and Voron- 
ezhskaya, 1996a), the prosobranch C. fornicata (Dickinson 
et al., 1999), and the opisthobranch Phestilla sibogae 
(Kempf ef al., 1992). It is possible that apical somata exhibit 
other transmitters or peptides in later stages of development 
in A. californica. 


Anterior catecholaminergic cells 


Catecholamine-containing cells exist in the foot region of 
A. californica. Similar cells also appeared in the foot of the 
gastropods L. stagnalis (Voronezhskaya et al., 1999) and C. 
fornicata (Dickinson et al., 1999), and in the bivalves Myrti- 
lus edulis and Placopecten magellanicus (Croll et al., 
1997). Such cells may be involved in metamorphosis, be- 
cause catecholamines were found to modulate or induce 
metamorphosis in both gastropods (Pires et al., 2000) and 
bivalves (Coon and Bonar. 1986). Similarly located cells 
have also been found to be responsive to the chemical cues 
inducing metamorposis in the opisthobranch Onchidoris 
bilamellata (Arkett et al., 1989). 

Catecholamine-contaiming cells are also found near the 
mouth of embryonic A. californica, consistent with similar 
cells reported in pulmonates, prosobranchs, and bivalves 
(Croll et al., 1997: Dickinson et al., 1999; Voronezhskaya et 
al., 1999). The role for these cells is also unknown, although 
it is tempting to suggest that they might influence feeding 
behavior, which already displays a significant degree of 
sophistication within larval stages of molluscs (Baldwin and 
Newell. 1995). 

We suggest that at least some other catecholamine-con- 


taining cells found in later larval stages might lie within the 
developing central ganglia, consistent with previous discus- 
sions of other central neurons in this paper. Confirmation of 
the locations of these cells must, however, await further 
experimentation to identify the boundaries of the develop- 
ing central ganglia during embryonic stages. 


Torsion and neurodevelopment 


It was previously hypothesized that the opisthobranch 
nervous system lacks chiastoneury, or the twisting of the 
visceral loop into a figure-eight pattern. because neurode- 
velopment begins after torsion (Kandel et al., 1981). How- 
ever, the present study shows posterior neurons and fibers 
before the onset of torsion in A. californica, and if such 
neurons are later incorporated in the developing ganglia, a 
reevaluation of this hypothesis may be necessary. In early 
stages of the prosobranch C. fornicata, chiastoneury was 
observed in a figure-eight pattern of the FMRFamide-LIR 
fibers (Dickinson ef al., 1999), In corresponding stages of A. 
californica, such a figure-eight pattern did not exist, prob- 
ably due to the different degrees of torsion in the two 
groups: 120-degree rotation in the opisthobranchs compared 
with the |80-degree rotation in the prosobranchs (Kandel, 
1979: Kandel er ai, 1981). Cells and fibers may also be 
positioned more anteriorly and the connectives between 
gangha may be shorter in opisthobranchs than in proso- 
branchs. Detorsion in opisthobranchs (Kandel, 1979; Kan- 
del et al., 1981) presumably eliminates much ol the remain- 
ing evidence of twisting of the neural pathways. 


Conclusion 


The present study provides morphological evidence of 
neuronal elements that appear earlier in development than 
any previously idenufied neural structure, including the 
apical organ, in A. californica. Many catecholamine-con- 
taining cells are also identified in anterior regions of early 
embryonic stages. Together these elements (posterior cells, 
apical organ, and anterior catecholamtinergic cells) may 
compose a distinct, primary larval nervous system that may 
be responsible for the contro] of several embryonic and 
larval behaviors such as swimming, feeding, and metamor- 
phosis. The fate of such a primary larval nervous system is 
unknown, but evidence suggests that some neurons and 
connectives may be incorporated into the adult CNS while 
other cells disappear. Other invertebrate larvae from taxa 
such as polychaetes, nemertines, echinoderms. and pho- 
ronids have embryonic nervous systems that are very sim- 
ilar to those of molluscs (Hay-Schmidt, 1990a. b, c: 1995). 

This report also suggests the possibility that the larval 
nervous system may form a scaffold along which the adult 
nervous system develops. Such a hypothesis is consistent 
with the suggested role of FMRFamide-LIR cells and pro- 
cesses 1n corresponding stages of other gastropods and other 
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invertebrate groups. The demonstration of early developing 
neurons and their transmitler phenotypes in A. californica 
opens new opportunities for a deeper understanding of the 
ontogeny and phylogeny of both behavior and neuronal 
function in this important model species. 
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